Chlamydia trachomatis is an obligate intracellular human pathogen responsible for the most prevalent sexually-transmitted infection in the world. For decades C. trachomatis has been considered an "energy parasite" that relies entirely on the uptake of ATP from the host cell. The genomic data suggest that C. trachomatis respiratory chain could produce a sodium gradient that may sustain the energetic demands required for its rapid multiplication. However, this mechanism awaits experimental confirmation. Moreover, the relationship of chlamydiae with the host cell, in particular its energy dependence, is not well understood. In this work, we are showing that C. trachomatis has an active respiratory metabolism that seems to be coupled to the sodium-dependent synthesis of ATP. Moreover, our results show that the inhibition of mitochondrial ATP synthesis at an early stage decreases the rate of infection and the chlamydial inclusion size. In contrast, the inhibition of the chlamydial respiratory chain at mid-stage of the infection cycle decreases the inclusion size but has no effect on infection rate. Remarkably, the addition of monensin, a Na ؉ /H ؉ exchanger, completely halts the infection. Altogether, our data indicate that chlamydial development has a dynamic relationship with the mitochondrial metabolism of the host, in which the bacterium mostly depends on host ATP synthesis at an early stage, and at later stages it can sustain its own energy needs through the formation of a sodium gradient.
The genomic data have also shown that C. trachomatis contains the enzymes of a simplified respiratory chain that is completely different compared with the mitochondrial chain. The chlamydial oxidative phosphorylation system consists of the sodium-dependent NADH dehydrogenase (Na ϩ -NQR), succinate dehydrogenase, cytochrome bd oxidase, and an A 1 -A 0 -ATPase (12, 24, 25) . Furthermore, C. trachomatis seems to use menaquinone (26) , instead of ubiquinone, which is used by mitochondria (27) . Na ϩ -NQR is a unique respiratory complex that is analogous to the mitochondrial complex I, incorporating the electrons from NADH into ubiquinone, feeding the lower part of the respiratory chain (28) . However, in contrast with complex I, which is a H ϩ pump, Na ϩ -NQR specifically pumps sodium across the plasma membrane, producing a sodium gradient (28 -30) . This gradient is critical in the physiology of other pathogenic bacteria, driving many homeostatic processes, such as nutrient transport and pH regulation (31, 32) . Moreover, it is used to support the efflux of drugs in antibiotic-resistant strains (31) . Remarkably, Na ϩ -NQR is the only sodium pump found in the C. trachomatis genome (12) , and the sodium gradient produced by this enzyme might be linked directly to the synthesis of ATP, through the A 1 -A 0 -ATPase. The A 1 -A 0 -ATPase is closely related to the V 1 -V 0 -ATPase but seems to fulfill the same role as the F 1 -F 0 -ATP synthase (33) (34) (35) (36) . In bacterial species such as Enterococcus hirae, Streptococcus pyogenes, and Treponema pallidum, this enzyme is able to drive ATP synthesis using the sodium gradient (29) . Although a detailed biochemical characterization of this complex has not been carried out, subunit K of the chlamydial A 1 -A 0 -ATPase contains a sodium-binding motif (37, 38) . Hence, the evidence suggests that C. trachomatis could use a sodium-linked respiratory chain to produce ATP.
Despite all the information obtained from genomic data, most of these hypotheses have not been corroborated experimentally at the protein/enzyme, metabolic, or cellular levels. Moreover, the role of these pathways in different stages of the infection cycle has not been elucidated. Some of the technical difficulties that have limited the studies on C. trachomatis include the fragility of the bacterial cells and the contamination of EB and RB preparations with host-cell mitochondria, due to their similar density (22) . Moreover, the lack of a cell-free culture system for Chlamydiae cultivation also obstructs the study of energy metabolism. Although a glucose 6-phosphate-based host cell-free medium has been recently described to cultivate C. trachomatis (39) , the metabolic state of the cells under this condition might not represent those found in the intracellular milieu. Nevertheless, important aspects of Chlamydia metabolism have been elucidated in preparations of isolated EBs and RBs. For example, Chlamydia psittaci's RBs show an active ATP-ADP exchange mechanism and ATP-dependent lysine transport (16). Moreover, exogenously added ATP can sustain protein synthesis by C. psittaci and C. trachomatis RBs (39, 40) . In contrast, protein synthesis by EBs is stimulated specifically by glucose 6-phosphate (39) . In addition, it has been shown that several glycolytic enzymes are active in purified C. trachomatis RBs (19) .
In this work, we have addressed two critical questions regarding Chlamydiae biology, the functionality of the respiratory metabolism and the energetic relationship with the host cell. The respiratory activity of C. trachomatis was studied in situ, in intact infected HeLa cells, and in permeabilized infected cells. Our data show, for the first time, that C. trachomatis is able to sustain an active oxidative metabolism that is resistant to the inhibitors of the mitochondrial respiratory chain but sensitive to HQNO (2-heptyl-4-hydroxyquinoline-N-oxide), an inhibitor of Na ϩ -NQR (41) (42) (43) (44) (45) . In addition, we show that the chlamydial respiratory activity, in digitonin-permeabilized infected HeLa cells, is stimulated by ADP, supporting the operation of an active oxidative phosphorylation by this bacterium. To study C. trachomatis energy dependence of the host cells, in particular whether or not the respiratory chain is functional and can actively produce ATP, infected HeLa cells were treated with mitochondrial or chlamydial respiratory inhibitors and ionophores to disrupt proton and sodium gradients. The treatments were made at two stages of the life cycle, immediately after infection (1 hpi) and when the EBs are differentiated into RBs and start division (12 hpi) (11, 21, 23) . Treatment with oligomycin A, which inhibits the mitochondrial ATP synthesis (46) , at an early stage of infection almost completely abolished the infection rate, stopped inclusion development, and decreased the protein content of C. trachomatis. At 12 hpi, the inhibitory effects were reduced, and only a decrease in the inclusion size was noticed. The data indicate that the EBs have a strong dependence on the mitochondrially-produced ATP, especially during the early stages of the infection. The role of C. trachomatis respiratory chain in infection and growth was studied by testing the effects of HQNO. At 1 and 12 hpi, HQNO decreased the chlamydial protein level and inclusion size but not the infection rate. This indicates that Na ϩ -NQR is particularly important to sustain the aerobic metabolism required for RB growth. Moreover, the Na ϩ /H ϩ exchanger monensin (47, 48) was used to determine whether a Na ϩ gradient could be used by C. trachomatis to energize its membrane to support physiological processes. A drastic inhibition of infection, inclusion size, and chlamydial protein content was observed in the presence of this drug. Taken together, these results indicate that C. trachomatis generates a Na ϩ gradient to energize its membrane, which is essential for its infection and growth and that its energy dependence on the host cell is only partial.
Results

Respiratory activity of C. trachomatis-infected HeLa cells
To elucidate the ability of C. trachomatis to synthesize its own ATP, and to clarify whether C. trachomatis expresses the components of a functional respiratory chain, as suggested by the genomic data, the respiratory activities of intact non-infected and C. trachomatis-infected HeLa cells were measured with a Clark-type oxygen electrode (49) . The respiratory activities were measured in 24-hpi-infected cells, which carry mostly RBs (10) , in the presence of inhibitors of the mitochondrial oxidative phosphorylation system. The inhibitors tested were as follows: 1) rotenone (1 M), which inhibits complex I (K i ϭ 4 nM) (50, 51); 2) antimycin A (1 M), which inhibits complex III (K i ϭ 38 nM) (52); 3) KCN (1 mM), an inhibitor of complex IV (K i ϭ 0.2 M) (53); and 4) oligomycin A (1 M), which targets the F 0 subunit of F 1 -F 0 -ATP synthase (54, 55) Energy dependency of C. trachomatis and inhibits mitochondrial ATP synthesis (K i ϭ 0.1 M) (56) . The experiments were also carried out in the presence of HQNO, which at low concentrations (1-2 M) can inhibit specifically Na ϩ -NQR (K i ϭ 0.3-0.5 M) (41) (42) (43) (44) (45) . However, at high concentrations (Ͼ20 M) it can also inhibit the mitochondrial complexes I, II, and III (57) (58) (59) . Moreover, the respiratory activity was measured in the presence of the protonophore CCCP (1 M) and the Na ϩ /H ϩ exchanger monensin (1 M) (60, 61) .
Oxygen consumption by non-infected HeLa cells follows the expected behavior for human cells, with Ͼ90% inhibition by all mitochondrial inhibitors ( Fig. 1 , A, C, and G) and an stimulatory effect of CCCP, which uncouples the respiratory chain and accelerates the rate of oxygen consumption, while inhibiting ATP synthesis (61) . However, the respiratory activity of infected cells showed approximately a 40% resistance to all mitochondrial respiratory chain inhibitors ( Fig. 1, B , D, and G), which is likely attributed to the oxygen consumption by intact chlamydial RBs. As shown in Fig. 1B , the rotenone-insensitive (non-mitochondrial) oxygen consumption is inhibited by a low concentration (1 M) of the Na ϩ -NQR inhibitor HQNO. To corroborate that HQNO acts specifically on chlamydial respiration, a titration of the rotenone-insensitive activity was performed ( Fig. 1H ). An inhibition constant (K i ) of 0.1 Ϯ 0.03 M was obtained, which is nearly identical to the K i values obtained in other Na ϩ -NQR complexes (41) (42) (43) (44) (45) . These results show that C. trachomatis RBs have a highly active aerobic metabolism that might sustain endogenous ATP synthesis, corroborat-ing the previous hypothesis. To clarify the functionality of C. trachomatis' oxidative phosphorylation system, experiments were carried out in permeabilized cells. Infected and non-infected HeLa cells were harvested and permeabilized with different concentrations of digitonin, and the respiratory activity was tested to find the optimal concentration. The concentration of digitonin used in this study (20 g/ml/5 ϫ 10 6 cells) allowed a complete permeabilization of the plasma membrane while keeping the mitochondrial and chlamydial membranes intact, judged by the stimulation of the respiratory activity with respiratory substrates. As shown in Fig. 1E , the respiratory activity of non-infected permeabilized cells with ␣-ketoglutarate is stimulated 3-4 times with ADP, indicating tightly coupled mitochondria. This activity is insensitive to HQNO and is completely inhibited by rotenone. However, the respiratory activity of infected cells is 40 -50% more active with ␣-ketoglutarate, which is predicted as the main respiratory substrate of C. trachomatis (12, 22, 62) . This activity is inhibited (50 -60%) by HQNO, indicating that it is the result of chlamydial activity, and remarkably it is stimulated by ADP ( Fig.  1F) , showing state 3/state 4-like transitions, resembling mitochondria. This result corroborates the effects of monensin and CCCP over the respiratory activity of infected cells. Although monensin does not stimulate on its own the respiratory activity, the addition of CCCP and monensin increase the respiratory activity, indicating that it is coupled to energy production processes ( Fig. 1G ). These results Energy dependency of C. trachomatis strongly support that ATP synthesis through oxidative phosphorylation in C. trachomatis is indeed functional.
Mitochondrial membrane energization in infected and noninfected cells
Our results show that the mitochondrial activity in infected cells is only partially sensitive to oligomycin A, and it is not stimulated by CCCP, in contrast with non-infected cells (Fig. 1 , C and D), suggesting that the mitochondria from infected cells might not be coupled or might not sustain a large membrane potential. To address this question, experiments were performed using the fluorescent probe JC-1, which has been used widely to study mitochondrial membrane energization (63) . Control cells exhibit JC-1 typical behavior, staining the mitochondrial network as bright red spots with a homogeneous cytosolic green fluorescence background (Fig. 2 , A-C). Our results show that infected cells have a reduction of 50 -65% in bright (highly energized) mitochondria compared with noninfected cells (Fig. 2) , which could account for the small respiratory stimulation obtained by CCCP addition. In both infected and non-infected cells, the mitochondrial membrane potential (red JC-1 fluorescence) was collapsed by CCCP addition ( Fig (64)) antibodies showed no difference between infected and non-infected cells (Fig. 3, A  and B) . Thus, our data indicate that a smaller fraction of the mitochondria are capable of sustaining a significant membrane potential in infected cells. It is possible that the role of the mitochondria in these cells might not be limited to the synthesis of ATP. It should be pointed out that chlamydial membrane potential could not be studied using this probe, because the inclusion was not loaded after 30 min (or 1 h, not shown), appearing as empty areas devoid of green fluorescent signal ( Fig. 2 ). This might be due to the specific membrane composition of the inclusion or to transporters that could eliminate the dye.
Effect of respiratory chain inhibitors on the infectivity and growth of C. trachomatis
To characterize the host-cell energy contribution to chlamydial metabolism, a pharmacological approach was used, measuring the effects of the inhibition of the bacterial and mitochondrial respiratory chain over the infection rate and chlamydial replication (estimated as the chlamydial inclusion size), and the chlamydial protein content, by Western blot analysis against the chlamydial major outer membrane protein (MOMP) (65) .
HeLa cells were inoculated with C. trachomatis EBs and treated with different inhibitors. The experiments were performed at two critical time points in the developmental cycle of the bacteria: at an early-stage (1 hpi), when Chlamydia cells are in the form of EBs, and at mid-stage infection (12 hpi), characterized by the differentiation of EBs into RBs (11) . Inhibitortreated cell cultures were fixed and stained at 36 hpi by HEMA 3 staining, to identify chlamydial inclusions in the host cells. Additionally, results obtained were corroborated by immuno-staining, because some of the drugs used in this study decreased dramatically the size of the inclusion, resulting in possible underestimation of the infection rate by HEMA 3 (66) . Immunofluorescence experiments were carried out with anti-MOMP antibodies that specifically recognize C. trachomatis MOMP (67, 68) . MOMP is a membrane protein highly expressed in both EBs and RBs that provides structural support and regulates the permeability of the chlamydial cell membrane (65, 69). 
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The inhibitors used in this part of the study were oligomycin A and HQNO, which allowed us to understand the role of the mitochondrial ATP synthesis and the chlamydial respiratory chain on infection and growth. Other respiratory inhibitors, such as rotenone and antimycin A, were also tested but proved too toxic for HeLa cells, and thus were not included in this study. Although a relatively high concentration of HQNO and oligomycin A was used (10 M), their final "free" concentration could be significantly smaller, due to the ability of albumin (found in the fetal bovine serum) to bind highly hydrophobic molecules, especially because oligomycin and HQNO both contain the reported chemical moieties required for albumin binding (70, 71) . Because of the uncertainty in the final effective inhibitor concentration reached in these assays, titrations were carried out. As shown in Fig. S1 , the inhibitor concentrations used in this study provide maximal effects over chlamydial infection, with little to no toxicity toward non-infected control cells (Fig. S2 ).
The treatment with the inhibitors had different effects depending on the time at which the inhibitor was added to the culture. At 1 hpi, oligomycin A produced a significant decrease of 76 -84% in the chlamydial inclusion size (Fig. 4 , A and C, and Fig. S3 ), and a 69% decrease in the infection rate ( Fig. 4 , A and D, and Fig. S3 ). This decrease was only evident with HEMA stain-ing, and the immunostaining showed no effects. Immunostained cells were analyzed with the ϫ100 microscope objective lens ( Fig. 5, A and B) , and we discovered that the cells were indeed infected, but the chlamydial inclusion was not fully formed, thus explaining the discrepancy in the results with the two types of staining. At 12 hpi the inclusion size was reduced only by 39 -42% ( Fig. 4, B and E, and Fig. S4 ), and no effects were found in the rate of infection (Fig. 4, B and F, and Fig. S4 ). These results clearly indicate that the ATP production by the host-cell mitochondria supports the early stages of the infection process by the EBs.
The addition of HQNO to the cell cultures at 1 hpi did not reduce the infection rate ( Fig. 4, A and D) . However, as in the previous case, HEMA staining showed a decrease of 53% in the inclusion size ( Fig. 4 , A and C, and Fig. S3 ), which was not observed by the more sensitive immunostaining method. At 12 hpi, the inclusion size decreased by 49% ( Fig. 4, B and E, and Fig.  S4 ), and no effects on the infection rate were evident (Fig. 4, B and F, and Fig. S4 ). The effects of HQNO on the inclusion size (an indicator of chlamydial replication) suggest that Na ϩ -NQR, the first complex of the respiratory chain (43, 72) , is essential for the growth of C. trachomatis RBs, allowing the cells to produce its own ATP, but it has no important role early in the infection process. 
Effect of ionophores on the infection and growth of C. trachomatis
CCCP is a proton ionophore that dissipates the H ϩ gradient, producing mitochondrial uncoupling that hinders the production of ATP (73) . Our results with the staining techniques indicate that the infection rate decreased 22-39% after the addition of CCCP at 1 hpi (Fig. 6, A and C, and Fig. S5 ). However, the inclusion size remained unchanged (Fig. 6, A and D, and Fig.  S5 ). The infection rate and inclusion size were not modified by the treatment with CCCP at 12 hpi ( Fig. 6, B, E and F, and Fig.  S6 ). Although the general behavior corroborates that C. trachomatis requires a functional mitochondrial metabolism early on, the effects of CCCP seemed attenuated compared with oligomycin A. This suggests that the concentration of CCCP that was used might not be enough to fully uncouple cell mitochondria in culture. Higher concentrations of CCCP (5 and 10 M) were tested but proved too toxic for HeLa cells (data not shown).
As discussed previously, the inhibition of Na ϩ -NQR has a significant effect over chlamydial development, and is particu-larly important in RB physiology, which indicates that the cells have an active aerobic metabolism that might be dependent on the sodium gradient. To assess this hypothesis, the effect of monensin was tested over chlamydial growth. Monensin acts as a Na ϩ /H ϩ exchanger, which dissipates the Na ϩ gradient while maintaining the membrane potential (60) , and thus it specifically acts on the Na ϩ -driven processes. Remarkably, inclusions were not detected by HEMA 3 staining when 2 M monensin was added to the infected cell culture, regardless of the time of addition (Fig. 6) . Nonetheless, small inclusions were detected by immunofluorescence at 1 hpi (8.41 Ϯ 0.94 m 2 ) (Figs. 5, A and C, and 6, A and C, and Fig. S5 ) and at 12 hpi (21.18 Ϯ 2.89 m 2 ) (Fig. 6, B and E, and Fig. S6 ), representing a 94 and 86% reduction, respectively. The infection rate was also reduced by 81 and 68% when the ionophore was added at 1 and 12 hpi, respectively ( Fig. 6, A, B, D, and F, and Figs. S5 and S6) . These data show that the sodium gradient is crucial in the chlamydial infection process at an early stage, and its disruption eliminates the infection at middle stage of the infection, when the inclusions are already formed. This result highlights the paramount importance of sodium-energized membranes to sustain C. trachomatis infection process and growth. Taken together, the data suggest that a sodium gradient, produced by the Na ϩ -NQR complex, is essential for the infection and growth of C. trachomatis, likely sustaining the ability to produce energy through the aerobic metabolism. Moreover, the sodium gradient produced by Na ϩ -NQR can also be used by the cell to carry other essential homeostatic processes, such as pH regulation, through the Na ϩ -H ϩ antiporter NhaD (74) , as well as nutrient transport, which seems to be carried mostly by Na ϩ -dependent transporters (12, 75) .
Expression of major outer membrane protein of C. trachomatis
Chlamydial inclusion size is an indirect indicator of cell replication, growth, and maturity. In some instances, such as in the presence inhibitors of the glucose 6-phosphate transporter, which blocks cell replication entirely, a normal inclusion size is observed (68) . The two staining techniques that we used provide semi-quantitative measurements of the inhibitor effects. To confirm that the change in inclusion size measured by immunofluorescence is accompanied by a corresponding change in chlamydial load, we determined whether the respiratory chain inhibitors and ionophores had an effect on chlamydial protein content, quantifying the levels of MOMP by Western blot analysis ( Fig. 3, C-F) . Oligomycin A decreased the content of MOMP (versus loading control GAPDH) by ϳ74% at 1 hpi. MOMP/GAPDH content was also reduced in the presence of HQNO, by 56 and 63%, at 1 and 12 hpi, respectively. These results indicate that the MOMP content correlates with the immunofluorescence data, further confirming that the ATP production from the host cell sustains the chlamydial growth at an early stage of the developmental cycle, which switches to a high energy production by the chlamydial cells when the EBs are differentiated to RBs. Monensin dramatically reduces the content of MOMP/GAPDH (95% approximately) regardless of the time of addition, confirming the staining data. These data further substantiate the evidence indicating that the sodium 
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gradient is important to produce the energy necessary for C. trachomatis infection and growth.
Discussion
C. trachomatis energy metabolism
C. trachomatis is an obligate intracellular pathogen that had been long considered an energy parasite, depending entirely on the host cell to fulfill its energy needs (17) . Early studies with preparations obtained from infected hen eggs showed that C. psittaci did not contain flavoproteins or the types of cytochromes normally found in human mitochondria (14, 15) , which led to the conclusion that Chlamydiae metabolism was inactive and depended completely on the host cell to fulfill its energy requirements. However, these experiments were carried out on EBs, which are not metabolically active. Moreover, it was later described that Chlamydiae express ATP-ADP antiporters, which allows the net transport of high-energy phosphate from the host cell (16), and it has been demonstrated that the host-free protein synthesis in RBs can be entirely supported by exogenous ATP (40) , further supporting the energy parasite hypothesis.
The advent of the genomic data provided new tools to understand Chlamydiae biology. In particular, it was described that the genome of C. trachomatis encodes many enzymes of key energy metabolism pathways, including glycolysis, the Krebs cycle, and a simplified respiratory chain (12, 19, 20) . However, it has remained unknown whether these pathways are actually functional. C. trachomatis genome contains all glycolysis genes except for hexokinase (12, 23, 25) . Glucose 6-phosphate seems to be the physiological substrate of glycolysis, which is captured through the UhpC transporter (62, 76) . Previous studies have shown that the glycolytic enzymes are indeed expressed by both RBs and EBs (23) and that their contents are higher in RBs (21, 23, 25) . Although C. trachomatis could sustain its own energetic demand through glycolysis, it has not been experimentally tested whether the role of this pathway is the synthesis of ATP or whether it is used to synthesize glycogen (via gluconeogenesis) or other biosynthetic intermediates.
C. trachomatis respiratory chain is highly simplified, consisting of Na ϩ -NQR, succinate dehydrogenase, cytochrome bd oxidase, and an A 1 -A 0 -ATPase (12, 24) . These enzymes constitute a unique respiratory chain that could potentially produce ATP linked to the production of sodium gradient, because Na ϩ -NQR is a primary sodium pump (77) and the A-type ATPase has been reported to catalyze ATP synthesis using the sodium gradient (35) . Eukaryotic mitochondria and most types of bacteria contain a respiratory chain that is able to build a proton gradient across the membrane, which sustains ATP synthesis. This gradient is also used to energize other primary functions, such as nutrient transport and pH regulation (78) . However, different types of 
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pathogenic bacteria, such as ␥-proteobacteria, bacteroidetes, and Chlamydiae (e.g. Vibrio cholerae (79) , Klebsiella pneumoniae (80) , Haemophilus influenzae (81) , and Bacteroides fragilis (32), etc.) can substitute (or supplement) transmembrane proton gradients for sodium gradients and encode a variety of sodium pumps, including the Na ϩ -NQR complex (24, 31, 32, 82, 83) . Na ϩ -NQR is a respiratory enzyme that catalyzes the transfer of electrons from NADH to ubiquinone and is the entry site of redox equivalents, produced by the primary and intermediary metabolism, into the respiratory chain (30, 43, 72, 84) . Na ϩ -NQR fulfills the same function as mitochondrial complex I, but in contrast with the latter, it acts as a sodium-specific ion pump (77, 86) . The genome of C. trachomatis contains Na ϩ -NQR, as part of the respiratory chain, and interestingly also contains an A 1 -A 0 -ATPase (12, 13, 22) , which could carry a proton-independent sodium-driven ATP synthesis (12, 35) . In this work, we demonstrate for the first time that the intact C. trachomatis RBs in situ have a very active oxidative metabolism, comparable with the mitochondrial activity. The chlamydial respiratory activity is insensitive to all mitochondrial inhibitors, but it is sensitive to low concentrations of HQNO. The high sensitivity toward this inhibitor and the low inhibition constant (sub-micromolar range) obtained indicates that Na ϩ -NQR is indeed active in the RBs. Moreover, our results indicate that the sodium gradient is absolutely essential in the physiology of C. trachomatis, because monensin blocked completely the infection, growth, and protein expression of the bacteria. To corroborate this hypothesis, experiments were carried out in permeabilized cells, which allow a detailed examination of the metabolic properties of organelles (87) (88) (89) and in this case RBs. Experiments were performed using ␣-ketoglutarate, which is predicted as the main respiratory substrate for C. trachomatis (62) . Our results show that the HQNO-sensitive respiratory activity is stimulated by ADP, closely resembling the state 3 to state 4 transitions of mitochondria, strongly suggesting that the respiratory activity of this pathogen is coupled to the synthesis of ATP. Thus, Na ϩ -NQR is not only functional, but its sodiumpumping activity is critical in the physiology of the bacterial cell. Our data agree with previous reports indicating that Na ϩ -NQR is expressed very early in the infection (1-3 hpi) (25) . A recent report has also shown that C. trachomatis infectivity is drastically reduced by the treatment with a novel Na ϩ -NQR inhibitor PEG-2 (90) . Na ϩ -NQR activity is not only important for energy production, and the gradient of sodium seems to fulfill many other important functions, including the transport of nutrients and other intermediate metabolites, which explains the lethal effect of monensin on bacterial infection. Indeed, C. trachomatis genome contains a variety of sodiumcoupled amino acid transporters (12, 22, 91) and a sodiumdicarboxylate translocator (22) that may feed the incomplete chlamydial Krebs cycle with glutamate or ␣-ketoglutarate (62) . It should be pointed out that it has been suggested that the main role of the A 1 -A 0 -ATPase could be the formation of the sodium membrane potential using the host's ATP as an energy source (35) . However, the presence of a fully functional and highly active respiratory chain and the stimulation of the respiration by ADP indicate that the physiologic role of the A-type ATPase is the synthesis of ATP.
Effects of mitochondrial inhibitors and uncouplers
In this study, we explored the energy dependence of C. trachomatis and its ability to produce ATP endogenously, employing different respiratory inhibitors and ionophores to test their effect on chlamydial infection, growth, and protein expression, in a HeLa cell-based culture system.
The results found in this work offer the first clues to understand the functionality of Chlamydiae aerobic metabolism and its relationship with the host cell, and they indicate that C. trachomatis indeed requires ATP from the host cell to support its own growth, as originally proposed (17) , but this relationship is dynamic. Our results demonstrate that the addition of oligomycin A at an early stage of infection produces a nearly complete inhibition of chlamydial growth, reducing the infection rate, inclusion size, and protein content by depriving EBs from the host-cell mitochondrial ATP. Thus, C. trachomatis EBs rely mostly on the mitochondrial ATP production during the early stages of the infection to carry out the chlamydial infection process (internalization, inclusion forming, and differentiation to RBs). However, the data indicate that there is a shift of energy dependence during the chlamydial developmental cycle. The addition of HQNO, which inhibits Na ϩ -NQR and the entire chlamydial respiratory function, decreases the chlamydial inclusion size and chlamydial content when the EBs have been differentiated into RBs, suggesting that the RBs have the ability to produce their own ATP and that the energy demand is supplemented by the host cell. This is in agreement with the temporal expression of some of the genes involved in chlamydial energy metabolism. For instance, adt mRNA, encoding an ATP-ADP translocase, is detected all through the developmental cycle of C. trachomatis (25) , but sdhA and pky transcripts, encoding succinate dehydrogenase and pyruvate kinase, respectively, are expressed at mid-stage of the developmental cycle (11) . Moreover, a recent report has shown that the NADH and NADPH content increases steadily in the chlamydial inclusion from 12 to 24 hpi, being initially distributed at the inner border of the inclusion and later on localized homogeneously throughout the inclusion, indicating an active metabolism. Similarly, the free/protein-bound NAD(P)H ratio decreases in the same time frame (92) suggesting that C. trachomatis uptakes NAD(P)H from the host cell to support the activity of Na ϩ -NQR, which is mostly active during mid-stage infection, corroborating our data.
It should be noted that the effects of HQNO were smaller compared to monensin, which may be due to a relatively low concentration of HQNO reaching C. trachomatis cells, due to the presence of albumin, or because both EBs and RBs are enclosed in an inclusion, which might decrease the permeability of this inhibitor. Alternatively, HQNO might not inhibit C. trachomatis Na ϩ -NQR as effectively as V. cholerae Na ϩ -NQR, considering that the ubiquinone-binding site (where HQNO is bound) has a 70% identity between these two bacteria (27) . Also, the function of an Na ϩ /H ϩ antiporter (NhaD) (74) might maintain, to a certain extent, the sodium gradient across the C. trachomatis membrane (24, 31, 93) . The relevance of this antiporter is supported by the change in the pH in the chlamydial inclusion as the infection progresses, as it increases over time Energy dependency of C. trachomatis from pH 6.26 at 4 hpi to 6.60 (at 12 hpi) and finally 7.25 at 20 hpi (94, 95) , indicating an active influx of H ϩ to the RBs.
To corroborate that the effects of the inhibitors were specific and were not due to toxicity, the viability of C. trachomatisinfected HeLa cells was evaluated in the presence of the inhibitors (Fig. S2) . The data indicate that most of the inhibitors (at the concentrations used in this report) do not produce a decrease in cell viability, except for oligomycin A, which has a modest effect (24%). Even though some toxicity over the host cell was evident (and expected), this parameter does not correlate with the effects over chlamydial growth, i.e. monensin has no toxicity over the HeLa cells and abolishes completely C. trachomatis growth. Thus, the pharmacological strategy used in this study seems suitable to characterize chlamydial energetics.
Energetic relationship of C. trachomatis with the host
The main findings of this work are summarized in Fig. 7 . During the initial phase of the infection, the EBs mostly depend on host-cell energy, but at mid-stage of the developmental cycle characterized by the presence of RBs, they switch and depend to a limited extent on the host cells, because RBs are able to produce their own energy. A Na ϩ gradient is fundamental in the chlamydial infection process and growth. The treatment with monensin produced the biggest reductions on infection rate, inclusion size, and protein synthesis, indicating that a Na ϩ gradient is paramount as an energy source for C. trachomatis and is necessary in both the early and mid-stage developmental cycle. Therefore, a sodium-based metabolism of C. trachomatis could be a new target for drug design. Multidrug-resistant C. trachomatis strains have been reported to all antibiotics recommended for treatment (96, 97) and even to the alternative treatments, including macrolides (98, 99) and fluoroquinolones (100, 101) .Moreover,C. trachomatiscanspreadmultidrugresistance through horizontal transfer (102) . Therefore, there is an urgent need to understand chlamydial metabolism and identify new suitable targets to treat infections.
Experimental procedures
Cell culture
The human cervical cancer cell line HeLa 229 was maintained in Eagle's minimum essential medium supplemented with 10% fetal bovine serum (FBS) and penicillin/streptomycin 100 units/ml and 100 g/ml) at 37°C in a humidified atmosphere (5% CO 2 and 95% air). Confluent cultures were treated with 0.05% trypsin/EDTA for 3 min at 37°C. Trypsin was inactivated with culture media containing 10% FBS. Cells were plated at the indicated densities and fed every 2 days.
Purification of Chlamydia trachomatis elementary bodies
Elementary bodies of C. trachomatis (serovar L2b) were prepared according to Scidmore (103) . Briefly, HeLa cell monolayers, 6.6 ϫ 10 4 cells/cm 2 , were infected with Chlamydia trachomatis EBs at a multiplicity of infection of 10 in the absence of antibiotics. The infected cells were collected at 44 hpi and were lysed in Hanks' balanced salt solution (HBSS), passing the suspension through a 18-gauge metal cannula attached to a sterile syringe. The sample was cleared at low speed centrifugation (500 ϫ g) for 15 min at 4°C. Subsequently, the EBs were pelleted by centrifugation at 30,000 ϫ g for 30 min and resuspended in sucrose/phosphate/glutamate buffer (SPG) (103) .
Oxymetric measurements
After 1 day in vitro, HeLa cells grown on 10-cm dishes in the absence of antibiotics at a density of 6.6 ϫ 10 4 cells/cm 2 were infected with C. trachomatis EBs, using 0.3-0.35 infectionforming units (IFU) per cell. The respiratory activity was measured in non-infected and C. trachomatis infected HeLa cells (24 hpi), using a Clark-type oxygen electrode (YSI Inc.), in a custom-made glass chamber of 2 ml. HeLa cells were harvested by trypsinization, washed, and resuspended in HBSS. The respiratory activity of intact cells was measured in HBSS buffer at 37°C. In addition, the respiratory activity was measured in digitonin-permeabilized cells. Harvested cells were pelleted, and washed twice with KHE buffer (150 mM KCl, 50 mM HEPES, 1 mM EDTA, pH 7.5). Permeabilization was performed in the oxymetric chamber using the same buffer, by adding 20 g/ml/ 5 ϫ 10 6 cells of digitonin. The inhibitors and ionophores used in these experiments were 1 M rotenone, 1 M HQNO, 1 M antimycin A, 1 mM KCN, 1 M oligomycin A, 1 M CCCP, or 1 M monensin.
Membrane potential analysis
Mitochondrial membrane potential formation was determined using 5,5Ј,6,6Ј-tetrachloro-1,1Ј,3,3Ј-tetraethylbenzimidazolylcarbocyanine iodide (JC-1). Non-infected and C. trachomatis-infected HeLa cells were incubated with 5 M JC-1 in HBSS buffer at 36 hpi for 30 min. Non-internalized dye was washed thoroughly, and live cell imaging was performed using Keyence BZ-X710 fluorescence microscope, and images were collected with a cooled monochrome CCD camera and BZ-X viewer software (version 01.03.00.05; Keyence). The objective lens were Nikon Plan Fluor ELWD 40X/0.60 Ph2 DM, ∞/0 -2 WD 3.7-2.7 lens.
HEMA 3 staining and imaging
HeLa cells grown on glass coverslips in the absence of antibiotics at a density of 4 ϫ 10 4 cells/cm 2 were infected with C. trachomatis EBs, using 0.3 IFU/cell. At 1 or 12 hpi, EMEM Energy dependency of C. trachomatis culture media (supplemented with 10% FBS) with oligomycin A, HQNO, CCCP, or monensin was added to the HeLa cells cultures. Infected and non-infected HeLa cells were fixed at 36 hpi and stained with the differential staining HEMA 3 staining kit (Fisher), which has been used to identify the intracellular chlamydial vesicles (104, 105) . Cells were visualized with a Leica DM IL LED Fluo microscope, and images were collected with a DFC450 C camera and Leica Application Suite 4.4.0 software. The objective lens used were Leica N PLAN L ϫ40/0.55, CORR Ph2, ∞/0 -2/C lens. To optimize the intensity ranges of the images, contrast and brightness were adjusted through linear level adjustments, as needed, using Adobe Photoshop CS5.1 (Adobe Systems).
Immunohistochemistry and imaging
Non-infected and C. trachomatis-infected HeLa cell cultures were fixed with methanol at Ϫ20°C for 10 min and washed with phosphate-buffered saline (PBS, pH 7.4). The cells were permeabilized with 0.04% Triton X-100 in PBS (PBS-TX) (75) for 15 min at room temperature and blocked with 10% normal donkey serum in PBS-TX for 1 h. Primary antibodies, anti-MOMP (1: 1,000, Pierce), were diluted in 1% normal donkey serum/PBS-TX and incubated overnight at 4°C. Secondary antibodies, donkey anti-goat Alexa Fluor 488 (1:500, Life Technologies, Inc.) were incubated 1 h at room temperature, followed by Hoechst 33342 DNA staining (1 g/ml). Coverslips were mounted with Fluoromount-G (anti-fade) solution (Southern Biotech). Immunofluorescent images were visualized with a Keyence BZ-X710 fluorescence microscope, and were collected with a cooled monochrome CCD camera and BZ-X viewer software (as described above). The objective lens were Nikon Plan Fluor ELWD ϫ40/0.60 Ph2 DM, ∞/0 -2 WD 3.7-2.7 lens and Nikon Plan Apo ϫ100/1.45 oil, ∞/0.17 WD 0.13 lens. All images comparing non-infected and infected cells were acquired with the same exposure times and analyzed with BZ-X Analyzer software (version 1.3.05; Keyence). Contrast and brightness of images were adjusted through linear level adjustments, as needed, to optimize the intensity ranges of the images using Adobe Photoshop CS5.1.
Immunoblotting
Whole-cell lysates from infected and non-infected HeLa were prepared in lysis buffer containing 50 mM Tris, 1 mM EDTA, 0.1% SDS, and 1 mM PMSF, pH 7.4. Protein samples were run in a 15% SDS-PAGE and electroblotted onto a polyvinylidine fluoride membrane. Blots were blocked with 5% non-fat dry milk in TBS-T (150 mM NaCl, 20 mM Tris, 0.01% Triton X-100, pH 7.6) for 1 h at room temperature and incubated at 4°C overnight with anti-MOMP, anti-GAPDH (Pierce, 1:50,000; 1:10,000), and anti-VDAC, Cell Signaling, 1:2000). Horseradish-peroxidase-conjugated secondary antibodies were incubated for 1 h at room temperature and detected with the SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific). Chemiluminescence signals were detected and acquired by an Omega Lum G gel imaging system and acquisition software (version 1.0; Aplegen). Band intensities were quantified using ImageJ (85) .
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